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Abstract— Multi-hop ad hoc networks are promising candi-
dates for next generation mobile communications. They have
sufficient channel capacity to achieve high data rate transmis-
sion for large number of users. One advantage of multi-hop
networks is to realize multi-route transmissions. Since infor-
mation bit streams can be transmitted over multiple routes, we
can obtain route diversity effect. In order to enhance the route
diversity effect, we usually introduce forward error correction
schemes. Turbo coding is one of suitable coding methods for
multi-hop networks. The turbo encoder generates one message
stream and two parity streams whilst the message stream is
more important than the parity streams for achieving reliable
communications. Thus an unequal power allocation to the
message and parity streams could be effective in improving
the performance. In this paper, the effect of unequal power
allocation for turbo coded multi-hop networks is investigated.
Assuming the channel as additive white Gaussian and binary
symmetric, we will show considerable performance improve-
ment by unequal power allocation in terms of the bit error
rate performance in multi-route multi-hop networks.
Keywords— multi-route transmissions, turbo codes, power allo-
cation.
1. Introduction
For next generation mobile communications, the high chan-
nel capacity is required to realize high data rate transmis-
sion for large number of users. One way to achieve high
channel capacity is to use small cell size such as pico cells.
However, there is always the difficulty of installing large
number of wired base stations for a small cell environ-
ment. One useful way to enhance the channel capacity
without any substantial infrastructure increase is to realize
a multi-hop ad hoc network [1–3]. By using a multi-hop
network (because the transmitted data is relayed by mobile
terminals) the data would virtually transmit in a small cell
environment. A multi-hop network also has other essential
advantages, such as good routing capability, small power
consumption, guarantee of quality of communication ser-
vice in poor channel conditions.
However, still there are some problems which prevent us
to achieve a reliable and efficient use of the multi-hop net-
works. A major problem of the networks is to establish
routes from a given source node to a given destination node.
Since the topology of the network always changes by the
movement of the source and intermediate nodes, routing of
multi-hop network is a non-trivial work. Furthermore, bat-
tery operated mobile terminals require severe energy lim-
itation for routing. Thus, many routing algorithms for the
multi-hop networks have been studied. The most popular
routing approach is on-demand routing [2, 3]. Instead of
periodically exchanging route information in order to main-
tain routing table, on-demand routing protocols establish
routes only when a source node requires data transmission.
Since the protocols need to flood the pilot packets over the
network in order to discover the available routes (which
may causes the small throughput degradation), they have
the capability to built suitable routes against the frequent
change of the topology.
By transmitting information on a multi-hop network, we
can choose either a multi-route or a single-route transmis-
sion from the source node to the destination node. Figure 1
shows the concept of a two-route multi-hop network. The
multi-route transmission has sufficient capability to achieve
a reliable communication without a rapid and strict routing
update. By every route helping one another, a diversity
effect from the multi-route transmissions can be obtained.
Fig. 1. Concept of route diversity in multi-hop networks.
One problem is how to use multi routes for reliable com-
munications. There are two options in considering how to
use the alternative route in multi-route transmission. The
first one is that the alternative route can be used when
the primary route is broken [2] and the second option is
that an alterative route is simultaneously used for the trans-
mission with the primary route [3]. Although the latter
approach increases the number of packets (which may de-
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grade throughput performance), it has enough capability
to achieve reliable communications under the severe wire-
less environment by a diversity effect, namely the “route
diversity.”
In order to enhance the diversity effect, forward error cor-
rection (FEC) schemes should be introduced. By trans-
mitting the same information for all routes, the effect of
a repetition coding can be obtained. Since the repetition
coding is trivial, another coding method which gives bet-
ter performance should be considered. In this paper, turbo
coding is adopted as the suitable FEC scheme for a multi-
route transmission.
Turbo codes, proposed by Berrou et al. in 1993 [4], are
very attractive means to improve the bit error rate (BER)
performance. They are capable of operating at near Shan-
non capacity in an additive white Gaussian noise (AWGN)
channel. Turbo encoder generates one message stream and
two parity streams. The message stream essentially con-
tains important information compared with parity streams.
Thus it can be expected that reliability of communications
increases if the message stream is transmitted on the route
having good channel condition. Furthermore, we also ex-
pect to obtain a performance improvement by a suitable
power allocation to the streams for a multi-route transmis-
sion.
In this paper, the effect of the route diversity in multi-route
multi-hop networks using turbo codes is examined. In or-
der to enhance the effect of the turbo codes, we investigate
the suitable power allocation of turbo codes for multi-route
networks assuming that every route has the same channel
condition. First, we provide a brief introduction of turbo
coding and explain the effect of unequal power allocation
to message and parity streams. Next the effectiveness of
unequal power allocation is examined. The BER perfor-
mances with the AWGN channel and the binary symmetric
channel (BSC) are introduced before concluding the paper.
2. Turbo codes and route diversity
2.1. Overview of turbo codes and route diversity
A typical structure of turbo encoder is illustrated in Fig. 2.
The turbo encoder consists of two recursive systematic
Fig. 2. Block diagram of turbo encoder with coding rate 1/2.
convolutional (RSC) element encoders, an interleaver and
a puncturing algorithm. Each element encoder generates
one message stream and one parity stream. Because the
turbo encoder has two RSC element encoders, it generates
two message streams, xm and xm2 , and two parity streams,
xp1 and xp2 . Since two message streams have the same in-
formation, we usually transmit only xm in order to improve
the coding rate. This fact indicates that the message stream
essentially contains very important information compared
with the parity streams [5]. For high reliable communica-
tions in severe channel condition such as in a low signal-
to-noise ratio (SNR) channel, we should consider a way to
protect the message stream from disturbances, e.g., a large
noise and severe fading.
An effective way for this protection is unequal power allo-
cation to the message and parity streams [5]. By allocating
larger power to the message stream compared with the par-
ity streams, we can achieve reliable communication in a low
SNR channel1. Let λ (= λm/λp) be the power allocation
ratio, where λm and λp correspond to the power allocated
to the message and parity streams, respectively. In the case
of rate 1/2 turbo codes, we assume λm +λp = 1. The mes-
sage and parity signals should be amplified by
√
λ/(1+λ )
and
√
1/(1+λ ). On the other hand, in the case of rate
1/3 turbo codes, we can assume λm + 2λp = 1 by allocat-
ing the same power to both parity streams, xp1 and xp2 ,
respectively. In this case, the amplification factor for the
message signal and for the parity signals are
√
λ/(2+λ )
and
√
1/(2+λ ), respectively.
2.2. Brief review of iterative decoding
We introduce the Bahl-Cocke-Jelinek-Raviv (BCJR) algo-
rithm for iterative decoding for turbo codes [8]. Figure 3
Fig. 3. Block diagram of iterative decoder.
shows a block diagram of iterative decoder, where ym, yp1
and yp2 are received streams for xm, xp1 , and xp2 , respec-
tively. The decoder has two element decoders operated by
a maximum a posteriori (MAP) probability decoding al-
gorithm. Le j denotes extrinsic information from jth MAP
decoder.
1It should be noted that it is difficult to obtain a desirable performance
by allocating large power to the message stream at high SNR. The perfor-
mance of rate 1/3 turbo codes usually has an improvement by allocating
large power to the parity stream in the case of a good channel condition,
e.g., on near an error floor region [6, 7].
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As it is known, the logarithm of a posteriori probability
(LAPP) for kth bit, L(uk), is given by [8]
L(uk) = lg
(
P(uk = +1|y)
P(uk =−1|y)
)
= lg


∑
S+
(sk−1 = s
′
,sk = s,y)/p(y)
∑
S−
(sk−1 = s′,sk = s,y)/p(y)


= lg


∑
S+
αk−1(s
′
)γk(s′,s)βk(s)
∑
S−
αk−1(s′)γk(s′,s)βk(s)

 , (1)
where γk(s′,s) is defined as
γk(s′,s) = p(sk = s,yk|sk−1 = s′). (2)
y is the received signal, sk ∈ S is the state of the encoder at
time k, S+ is the set of ordered pairs (s′,s) corresponding
to all state transitions (sk−1 = s
′
)→ (sk = s) caused by data
input uk = +1, and S− is similarly defined for uk =−1.
αk(s) and βk(s′) are derived by recursive calculation as
shown in the following:
αk(s) = ∑
s′∈S
αk−1(s
′
)γk(s′,s), (3)
βk−1(s′) = ∑
s∈S
βk(s)γk(s′,s), (4)
where the initial conditions for αk(s) are α0(0) = 1 and
α0(s 6= 0) = 0 and those for βk(s′) are βN(0) = 1 and
βN(s 6= 0) = 0.
The LAPP ratio can be expressed using Bayes’ rule [9]:
L(uk) = lg
(
P(y|uk = +1)
P(y|uk =−1)
)
+ lg
(
P(uk = +1)
P(uk =−1)
)
. (5)
The second term is a priori information and is denoted
as Lek, i.e.,
Lek = lg
(
P(uk = +1)
P(uk =−1)
)
. (6)
The Lek is provided by the previous decoder on the iterative
decoding.
By using Lek, the value of γk(s′,s) is given by
γk(s′,s) ∝ exp
(
1
2
uk(Lek +L
m
c y
m
k )+
1
2
Lpc y
p
k x
p
k
)
, (7)
where ymk is the kth received signal corresponding to the
message bit xmk and y
p
k is one corresponding to the parity
bit x
p
k .
Lmc and L
p
c are channel information of the message and
parity streams, respectively. In an AWGN channel, they
are expressed as
Lmc = 2rλmEb/(N0/2)
Lpc = 2rλpEb/(N0/2), (8)
where r is the code rate of turbo coding. In the case of the
equal power allocation, we obviously obtain Lmc = L
p
c .
2.3. Binary symmetric channels assumption of multi-hop
networks
In multi-hop networks, multiple routes can be assumed to
be binary symmetric channels [10]. When the bit streams
are relayed by intermediate nodes, we have to face a severe
power restriction. In order to reduce the load in these nodes,
we employ a hard decision for all bits in the stream and
reconstruct the new stream which is passed to the next
node. This procedure can significantly reduce the energy
consumption.
In usual, the SNR at the receiver is measured and the result
of the measurement is utilized as the channel information.
But in multi-hop networks, the SNR estimation at the re-
ceived side is of no worth for the iterative decoder because
every received signal is multiple hopped and hard detected
at the intermediate nodes. Therefore, the result of the SNR
measurement does not reflect the whole route except for
the final hop. One solution to obtain the channel informa-
tion is that we assume the channel as a BSC and estimate
the channel condition by counting errors of pilots at the
destination node. In this paper, therefore, the effect of the
unequal power allocation on the BSC is introduced as well.
In this paper, to enhance the effect of the unequal power al-
location, the destination node is assumed to know the ideal
BER performance. The channel information of the BSC are
introduced in [11, 12]. In the BSC, the terms in Eq. (7),
Lmc ymk and L
p
c ypk should be replaced to R
mY mk and R
pY pk ,
respectively, where Y mk = λmsgn(ymk ) and Y
p
k = λpsgn(y
p
k ).
Terms Rm and Rp indicate the channel information for
the BSC and are derived as follows:
Rm = ln 1−Pm
Pm
,
Rp = ln
1−Pp
Pp
, (9)
where Pm and Pp are BER performance of the message and
the parity streams, respectively. If every link is affected by
AWGN, Pm and Pp can be expressed as follows:
Pm ≃ MQ(2rλmEb/N0),
Pp ≃ MQ(2rλpEb/N0), (10)
where M denotes the number of hops and Q(t) =
(1/
√
2pi)
∫
∞
t exp(−τ2/2)dτ .
3. Numerical results
3.1. System model and assumptions for simulations
Some numerical examples are shown in this section. In
order to obtain essential performances of turbo codes on
route diversity, we make ideal assumptions to simplify the
evaluation.
First, the number of routes from the source node to the des-
tination node is assumed to be two or three and the routes
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are statistically independent. This assumption is actually
appropriate because we may have difficulty in finding large
number of statistical independent routes. We consider that
each message and parity stream transmits on its own route.
In the AWGN channel, the variance of the noise is assumed
to be the same for all routes and the destination node knows
the ideal SNR value. In the BSC, we assume the destination
node knows the BER performance of all routes.
Figure 4 illustrates the system model of rate 1/3 turbo en-
coder with unequal power allocation. It has two (31,27)
RSC element encoders and a random interleaver with the
length of 5000.
Fig. 4. System model of turbo encoder for performance evalua-
tion. The code rate of this system is 1/3.
Fig. 5. System model of turbo encoder having a scrambler. The
code rate of this system is 1/3.
In order to emphasize the effectiveness of unequal power
allocation, we derive another performance, which comes
from Fig. 5. This figure shows the system model of turbo
encoder having a scrambler which scrambles the message
and parity streams. Since we can make the importance of
all streams be equal by scrambling the streams, it can be
expected to neglect the effect of unequal power allocation.
The permutation rule of the scrambler for the rate 1/3 en-
coder is assumed as following:
x1 = (· · · ,xmk , x
p2
k+1, x
p1
k+2, · · ·),
x2 = (· · · ,xp1k , x
m
k+1, x
p2
k+2, · · ·),
x3 = (· · · ,xp2k , x
p1
k+1, x
m
k+2, · · ·), (11)
where xi is the scrambled stream transmitting on the ith
route, i = 1, 2, 3. Of course a descrambler at the receiving
end is required. Assuming that we allocate the same power,
expressed as λ2, to x2 and x3 and another power allocated
to x1, expressed as λ1. The ratio of the allocated powers,
λ1/λ2, is expressed as λ .
Although Figs. 4 and 5 illustrate rate 1/3 turbo encoders,
the performances of not only rate 1/3 but rate 1/2 turbo
codes can be derived. The permutation rule of the scram-
bler for the rate 1/2 encoder is
x1 = (· · · ,xmk ,x
m
k+1,x
p1
k+2,x
p2
k+3 · · ·)
x2 = (· · · ,xp1k ,x
p2
k+1,x
m
k+2,x
m
k+3 · · ·). (12)
The iteration number for the decoding process is set to 10.
3.2. Effect of unequal power allocation in AWGN
channel
Figures 6 and 7 show the BER performance with the un-
equal power allocation for rates 1/2 and 1/3 turbo codes,
respectively. We set the range of the power allocation ratio,
λ , between 0.8 and 2.0, where λ = 1 is a typical value.
Fig. 6. Bit error rate performance versus Eb/N0 for varying the
power allocation ratio. The code rate is set at 1/2.
From the results, we find the effectiveness of the unequal
power allocation. When the power allocated to the mes-
sage streams decreases, i.e., λ = 0.8, the BER performance
degrades in both coding rates. In contrast, we observe per-
formance improvement by allocating a large power to the
message stream. It can be found that a suitable unequal
power allocation offers approximately a 0.15 dB perfor-
mance improvement over the equal power allocation.
Figures 8 and 9 show the BER performance with a scram-
bler for rates 1/2 and 1/3 turbo codes, respectively. The
range of the power allocation ratio is from 0.8 to 2.0. From
these figures, it can be found that the BER performance at
λ = 1 is the best, i.e, we face the performance degradation
with scrambling the streams by unequal power allocation.
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Fig. 7. BER performance versus Eb/N0 for varying the power
allocation ratio. The code rate is set at 1/3.
Fig. 8. BER performance versus Eb/N0 for varying the power
allocation ratio with the scrambler. The code rate is set at 1/2.
The results show that the importance of the message stream
is neglected by the scrambling and we cannot obtain any
performance improvement from unequal power allocation.
Figures 10 and 11 show the BER performance as a function
of the power allocation ratio, λ , for rates 1/2 and 1/3 turbo
codes, respectively. From Fig. 10, which indicates the per-
Fig. 9. BER performance versus Eb/N0 for varying the power
allocation ratio with the scrambler. The code rate is set at 1/3.
Fig. 10. BER performance versus λ . The code rate is 1/2. The
performances of both with and without the scrambler are plotted.
formance of the rate 1/2 codes, we can obtain the best
performance by the unequal power allocation when λ is
around 1.4. On the other hand, we can obtain the best per-
formance when λ is around 1.5 in the case of rate 1/2 turbo
codes. We also find that the performance improvement can
be kept over the wide range of λ .
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Fig. 11. Bit error rate performance versus the power allocation
ratio when the code rate is 1/3. The performances of both with
and without the scrambler are plotted.
3.3. Effect of unequal power allocation in BSC
Figures 12 and 13 show BER performance with the un-
equal power allocation in the BSC. We do not utilize the
scrambler in this subsection. We set the power allocation
ratio, λ , between 0.8 and 2.0. As we expected, the BER
Fig. 12. Bit error rate performance versus Eb/N0 for varying the
power allocation ratio in the BSC. The code rate is set at 1/2.
Fig. 13. Bit error rate performance versus Eb/N0 for vary-
ing the power allocation ratio in the BSC. The code rate is set
at 1/3.
Fig. 14. Bit error rate performance versus the power allocation
ratio when the code rate is 1/2. The channel is assumed as
the BSC.
performance with the BSC degrades compared with that of
the AWGN channel. But the tendency of the performance
of BSC is similar to that of the AWGN channel by chang-
ing the power allocation ratio, i.e., we can find performance
improvement by allocating the large power to the message
stream.
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Fig. 15. Bit error rate performance versus the power allocation
ratio when the code rate is 1/3. The channel is assumed as
the BSC.
Figures 14 and 15 illustrate the BER performance as
a function of the power allocation ratio, λ , for rates 1/2
and 1/3 turbo codes, respectively. From Fig. 10, we can
obtain the best performance when λ is around 1.3. On the
other hand, we can obtain the best performance when λ is
around 1.5 in the case of rate 1/2 turbo codes. In contrast
with the performance in Fig. 11, the performance im-
provement is not kept as λ increases.
4. Conclusions
In this paper, the effect of unequal power allocation to mes-
sage and parity streams in turbo coded multi-route networks
by route diversity was investigated. Additive white Gaus-
sian and binary symmetric channels have been used. It
is found that it is possible to obtain considerable perfor-
mance improvement by allocating larger power to the mes-
sage stream compared with that of the parity stream. The
results suggest that unequal power allocation is an efficient
way in improving the bit error rate performance in multi-
hop networks. Although in this paper all routes have been
assumed to have similar channel conditions, each route ac-
tually could have its own condition. The results also suggest
that a suitable power allocation can prevent performance
degradation by taking individual channel conditions into
account.
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